In environmental heat stress, the human thermoregulatory system maintains internal temperature within a normal level by eliminating heat calories at surface tissues [1] . Since the thermoregulatory heat loss occurs by cutaneous vasodilation and sweating, it causes hypovolemia [1], and should resultantly stimulate human baroreflexes to increase sympathetic nerve activity. However, it is possible that the thermoregulatory system directly and centrally interacts with the baroreflex system independently of the heat-induced hypovolemia. The possibility is based on much evidence of the central neural connections between the thermoreguratory (i.e., hypothalamus [2, 3] ) and cardiovascular center in the medulla (i.e., nucleus tractus solitarii [4] [5] [6] [7] [8] Japanese Journal of Physiology, 53, 215-222, 2003 Key words: arterial baroreflex, cardiopulmonary baroreflex, cardiovascular system, heat, thermoregulatory system.
Abstract:
Since human thermoregulatory heat loss responses, cutaneous vasodilation and sweating, cause hypovolemia, they should resultantly stimulate human baroreflexes. However, it is possible that the thermoregulatory system directly interacts with the baroreflex system through central neural connections independently of the heat-induced hypovolemia. We hypothesized that heat stress modifies the baroreflex control of sympathetic nerve activity independently of heat-induced hypovolemia in humans. We made whole-body heating with tube-lined suits perfused with warm water (46-47°C) on 10 healthy male subjects. The heating increased skin and tympanic temperatures by 10.0 and 0.4°C, respectively. It increased resting total muscle sympathetic nerve activity (MSNA, microneurography) by 94Ϯ9% and decreased central venous pressure (CVP, dependent arm technique) by 2.6Ϯ0.9 mmHg. The heating increased arterial baroreflex gain by 193%, assessed as a response of MSNA to a decrease in diastolic arterial pressure during Valsalva's maneuver, but it did not change threshold arterial pressure for MSNA activation. Although the heating did not change the cardiopulmonary baroreflex gain assessed as a response of MSNA to a change in estimated central venous pressure (CVP) during a 10°head-down and -up tilt test, it upwardly shifted the stimulus-response baroreflex relationship. These changes in baroreflex functions during heating were not restored by an intravenous infusion of warmed isotonic saline (37°C, 15 ml/kg) that restored the heat-induced reduction of CVP. Our results support our hypothesis that heat stress modifies the baroreflex control of MSNA independently of heat-induced hypovolemia in humans. Our results also suggest that the hyperthermal modification of baroreflex results from central neural interaction between thermoregulatory and baroreflex systems.
[Japanese Journal of Physiology, 53, 215-222, 2003] duced hypovolemia in humans.
The present study was designed to test our hypothesis above. First we investigated the effects of heat stress on baroreflex functions in humans. We made wholebody heating with tube-lined suits perfused with warm water (46-47°C) in 10 healthy male volunteers. Before and after the heating, we assessed arterial and cardiopulmonary baroreflex controls of sympathetic nerve activity as the responses of muscle sympathetic nerve activity (MSNA) to a decrease in diastolic arterial pressure during Valsalva's maneuver and a change in central venous pressure (CVP) induced by a 10°head-down and -up tilt test, respectively. Second, we intravenously infused warm isotonic saline to restore hypovolemia with whole-body heating. We then examined whether heating-induced changes in baroreflex functions were maintained even after saline infusion.
SUBJECTS AND METHODS

Subjects.
Ten healthy male volunteers with a age of 23Ϯ1 (meanϮSE) years, height of 169.1Ϯ1.8 cm, and weight of 65.3Ϯ2.6 kg were studied. All subjects were evaluated as healthy by detailed medical history, physical examination, resting electrocardiogram, a panel of blood chemistry analyses, and psychological testing. No subjects smoked, used recreational drugs, or had chronic medical problems. All subjects gave informed consents to participate in the study, which was approved by the Committee of Human Research, Research Institute of Environmental Medicine, Nagoya University.
Experimental protocol. The subjects were instructed to refrain from exercise and food intake for 3 h before the experiments. The experiments were performed in an air-conditioned room with a temperature of 26-27°C and a humidity of 40%. The subjects lay on tilting tables in supine positions; they were dressed in tube-line suits that permitted control of skin temperature by perfusing water with various temperatures. First, the suit was perfused with water (33-34°C) [9] [10] [11] [12] [13] for 10 min and the hemodynamic state and baroreflex functions were assessed with Valsalva's maneuver (for arterial baroreflex function) and 10°head-down and -up tilt test (for cardiopulmonary baroreflex function). The order of baroreflex assessment was randomized.
Second, the suit was perfused with warm water (46-47°C) until tympanic temperature increased by 0.4°C. Hemodynamic state and baroreflex functions were then assessed. Third, 15 ml/kg of warm (37°C) isotonic saline was infused 8-10 min through a catheter indwelled in an antecubital vein to restore a reduction in CVP with whole-body heating. The appropriate amount of saline infusion was determined by our preliminary study. Hemodynamic state and baroreflex functions were also assessed immediately after the saline infusion.
Measurements. An estimation of CVP was made by the arm-dependent method of Gauer and Sieker [14] . Subjects lay in the right lateral decubitus position with the right arm extended downward. A catheter was inserted into a large antecubital vein of the right arm. The CVP was determined from antecubital venous pressure in the dependent arm referenced to heart level.
Arterial pressure was measured continuously with a pneumatic finger cuff (Portapres TM , TNO Institute of Applied Physics Biomedical Instrumentation, Netherlands). An electrocardiogram (chest lead II) and a thermistor respirogram were also recorded continuously.
MSNA was measured as reported elsewhere [15, 16] . Briefly, a tungsten microelectrode (model 26-05-1, Federick Haer and Co., Bowdoinham, ME) was inserted percutaneously into the muscle nerve fascicles of the tibial nerve at the right popliteal fossa without anesthesia. Nerve signals were fed into a preamplifier (Kohno Instruments, Nagoya) with two active band pass filters set from 500 to 5,000 Hz and were monitored with a loudspeaker. MSNA was identified according to the following discharge characteristics: (1) pulse synchronous spontaneous efferent discharges, (2) afferent activity being induced by the tapping of calf muscles but not in response to gentle skin touch, and (3) enhancement during phase II of Valsalva's maneuver. The MSNA signal was stored on a DAT recorder (PC216Ax, Sony Magnescale, Japan) at a sampling rate of 12,000 Hz, along with other cardiovascular variables.
The MSNA signal was full-wave rectified and fed through a resistance-capacitance low-pass filter with a time constant of 0.1 s to obtain the mean voltage neurogram. The MSNA signal was resampled at a rate of 200 Hz, along with other cardiovascular variables. MSNA bursts were identified, and their burst amplitude was calculated by using a computer program in our laboratory. MSNA was expressed as both the rate of integrated activity per minute (burst rate) and the total activity integrating individual bust amplitude per minute (total MSNA). Since the burst amplitude and therefore the total MSNA were dependent on the electrode position, they were expressed as an arbitrary unit that was normalized by the individual control value during supine rest; the mean MSNA burst amplitude during supine rest was given an arbitrary value of 100. The MSNA burst amplitude for each burst during the experimental procedures was normalized by this value. Beat-to-beat systolic and diastolic arterial pressures were also calculated by using a computer program in our laboratory.
Assessment of baroreflex functions. Arterial baroreflex control of MSNA was assessed in the supine position by the Valsalva maneuver according to a previous study ( Fig. 1 ) ( [16] [17] [18] . The maneuver was performed at an expiratory pressure of 40 mmHg with a straining period of 20 s. Since MSNA is pulse-synchronous neural discharge, beat-to-beat diastolic arterial pressure and corresponding MSNA burst amplitude were calculated [16, 19] . A scatter plot of each MSNA burst amplitude (arbitrary unit) was made on beat-to-beat diastolic arterial pressure within the time from peak to trough of diastolic arterial pressure observed during early phase II of the Valsalva maneuver. The least square linear regression was performed on the relationship. The regression slope was used as an estimate of the arterial baroreflex gain. In all assessments in this study, we obtained a significant (pϽ0.05) negative correlation coefficient (ϽϪ0.7) between MSNA and diastolic arterial pressure during the maneuver.
Cardiopulmonary baroreflex control of MSNA was assessed by 10°head-down and -up tilt tests according to a previous study (Fig. 3) [20] . Subjects lay on a tilt table in the right lateral decubitus position with the right arm extended downward. First, the tilt table was set at 0°horizontal position for 5 min. Next it was declined to a 10°head-down position. Thereafter it was inclined to 0°horizontal and 10°head-up positions. In each position, the tilt table was fixed for 5 min. MSNA and CVP were measured together with arterial pressure, electrocardiogram, and respiratory rate. The values of MSNA (burst rate and total activity) and CVP were averaged for the last 3 min of every positional condition. A scatter plot of MSNA was made on CVP during the two stages of the tilt test. The least square linear regression was performed on the relationship. The regression slope was used as an estimate of the cardiopulmonary baroreflex gain. The slope value was adopted only when a significant (pϽ0.05) negative correlation coefficient (ϽϪ0.7) was obtained.
Statistical analysis. Data are expressed as meansϮSE. A repeated-measure analysis of variance was used to compare variables among conditions (before heating, after heating, and after saline infusion following the heating). When the main effect or interaction term was found to be significant, post hoc comparisons were made with the Scheffe's F procedure. The pϽ0.05 level of differences was considered statistically significant.
Hyperthermal Modulation of Baroreflex 
RESULTS
The baseline data at 0°horizontal supine rest before whole-body heating, after the heating, and after the warmed saline infusion following heating are shown in Table 1 . The heating increased skin and tympanic temperatures by 10.0 and 0.4°C, respectively (pϽ0.001 for both), but the saline infusion following heating did not change these temperatures. The heating increased MSNA burst rate and total MSNA (pϽ0.001 for both). The saline infusion following heating decreased these MSNA (pϽ0.001 for both), but their levels remained elevated above the preheating level (pϽ0.001 for both). Although the heating decreased CVP (pϽ0.001), the decrease was restored by the saline infusion following heating. The heating increased heart rate (pϽ0.001), but the increase was not affected by the saline infusion following heating. Neither the heating nor the following saline infusion changed systolic or diastolic arterial pressures. The stimulus-response relationships of arterial baroreflex control of MSNA during early phase II of Valsalva's maneuver before the heating, after the heating, and after the warmed saline infusion following heating are shown in Figs. 1B and 2. Arterial pressure decreased while MSNA increased in each condition. The decreasing speed of diastolic pressure was not different among conditions (1.8Ϯ0.2, 1.9Ϯ0.3 and 1.8Ϯ0.3 mmHg/s, before heating, after heating and after saline infusion following heating, respectively). There was negative correlation between MSNA and diastolic arterial pressure in each condition (pϽ0.05). The heating increased the slope of linear regression line (pϽ0.01), indicating that the heating increased the gain of the arterial baroreflex. The slope remained elevated above its preheating level (pϽ0.01) during saline infusion following heating. Neither the heating nor the following saline infusion changed the x-intercept, indicating that the threshold for MSNA activation was not changed.
The stimulus-response relationships of cardiopulmonary baroreflex control of MSNA during 10°head-down and -up tilt tests before the heating, after the heating, and after the warmed saline infusion following heating are showed in Fig. 4 . In each condition, CVP was increased while MSNA was decreased during the 10°head-down tilt; conversely, CVP was decreased while MSNA was increased during the 10°h ead-up tilt. Thus there was significant negative correlation between MSNA and CVP in each condition (pϽ0.01). Neither the heating nor the following saline infusion changed the slope of linear regression line. The heating increased the y-intercept (pϽ0.01), indicating that the regression line was upwardly shifted. The saline infusion following heating did not affect the upward shift. Neither heart rate nor systolic or diastolic arterial pressure responded to the 10°head-up or head-down tilts.
DISCUSSION
Since the human thermoregulatory heat loss responses, cutaneous vasodilation and sweating, cause hypovolemia [1] , they should resultantly stimulate baroreflexes. However, it is possible that the thermoregulatory system directly interacts with the baroreflex system through central neural connections independently of heat-induced hypovolemia. Our results demonstrated that whole-body heating with a 0.4°C rise in tympanic temperature clearly increased the gain of arterial baroreflex control of MSNA and that the heating upwardly shifted a stimulus-response relationship of cardiopulmonary baroreflex control of MSNA. It is interesting that none of these hyperthermal modifications of baroreflex functions were restored by the infusion of warmed isotonic saline (37°C, 15 ml/kg) that restored the heat-induced reduction of CVP. These results support our hypothesis that heat stress modifies the baroreflex control of MSNA independently of heat-induced hypovolemia in humans.
We found that whole-body heating increased the gain of the stimulus-response relationship of the arterial baroreflex control of MSNA without changes in the threshold arterial pressure for the activation of MSNA. Although a few studies have addressed the arterial baroreflex control of MSNA during heat stress Hyperthermal Modulation of Baroreflex in humans, our finding is partially different from these studies. One early study [21] assessed arterial baroreflex gain for MSNA during whole-body heating from a relationship between changes in MSNA and diastolic blood pressure during intravenous infusion of sodium nitroprusside and phenylephrine. In contrast to our finding, the early study reported that the gain was unchanged by heat stress, but the stimulus-response relationship was shifted upward. The difference between the present and early studies may be due to the methodology; Valsalva's maneuver was used in the present study while pharmacological perturbation was used in the early study. However, both studies are consistent in regard to arterial baroreflex being modified with heat stress in association with greater MSNA.
The present study is the first to address the stimulus-response relationship of the cardiopulmonary baroreflex control of MSNA during heat stress in humans. One early study [22] reported that an elevation in MSNA induced by whole-body heating was not reversed by warmed saline infusion, but neither CVP nor the stimulus-response reflex relationship during heat stress was investigated. In the present study, we determined the characteristics of the hyperthermal modification of cardiopulmonary baroreflex control of MSNA: The heating upwardly shifted the stimulus-response reflex relationship while it did not affect the gain.
Our results indicate that these hyperthermal modifications of baroreflex functions are not simple consequences of the heat-induced hypovolemia. In the present study, we infused warmed saline after wholebody heating. Although the saline infusion restored the heat-induced reduction of CVP, it did not reverse the changes in the baroreflex control of MSNA. The increase in arterial baroreflex gain and the upward shift of cardiopulmonary baroreflex relationship observed during heat stress was entirely preserved even after the saline infusion.
Our results suggest that the hyperthermal modification of baroreflex functions results from central neural interaction between thermoregulatory and baroreflex systems. Although the hypothalamus is considered to be the central neural structure controlling thermoregulation [2, 3] , it neurally connects with the cardiovascular center in the medulla, such as the nucleus tractus solitarii [4] [5] [6] [7] [8] . An increase in internal temperature with heat stress stimulates thermosensitive receptors in the brain including the hypothalamus [1] , but an increase in skin temperature with heat stress stimulates afferent fibers from thermosensitive skin receptors that connect with the hypothalamus [1, 23] . Indeed, either electrical [2, 3] or thermal [24] stimulation of the hypothalamus was reported to modify the baroreflex control of heart rate.
From our results we cannot state a causal relationship between the hyperthermal modification of baroreflex and the increase in MSNA during heat stress. The increased gain of arterial baroreflex and the upward shift of cardiopulmonary baroreflex during heat stress are associated with greater MSNA at any level of diastolic arterial pressure and CVP (Figs. 1B and 4) . Therefore the hyperthermal baroreflex modification could explain an augmentation of MSNA during heat stress reported in earlier studies [22, 25] . No evidence is found, however, for a causal relationship between the modification of baroreflex and the augmentation of MSNA. A central factor may also contribute to heat-induced sympathetic activation, since heating augmented sympathetic nerve activity even after the denervation of the afferent fibers of sinoaortic and cardiopulmonary baroreflexes [26] .
Although orthostatic hypotension is often observed during environmental heat stress [27, 28] , our results indicate that the hypotension cannot result from an alteration in the baroreflex control of MSNA. Since baroreflex functions have an important role in the postural activation of MSNA and the maintenance of blood pressure [19, 27, 29] , baroreflex dysfunction could lead to orthostatic hypotension under heat stress. However, our results show that whole-body heating increased the gain of arterial baroreflex control of MSNA and that the heating upwardly shifted the stimulus-response relationship of the cardiopulmonary baroreflex control of MSNA. Theoretically, these baroreflex modifications cannot lead to less orthostatic activation of MSNA. Accordingly, the modified baroreflex function is not responsible for orthostatic hypotension reported under heat stress [27, 28] .
Limitation. This study has two methodological limitations. The first is an assessment of cardiopulmonary baroreflex function. The acute perturbations in CVP we made here for loading and unloading the cardiopulmonary baroreceptors (10°head-down and head-up tilt tests) might have also loaded and unloaded the sinoaortic arterial baroreceptors [30] . This could lead to an overestimation of the cardiopulmonary baroreflex gain. However, we consider that this has but minor effect on data interpretation because reflex tachycardia that should occur theoretically with arterial baroreflex unloading was not observed during these tilt tests.
The second limitation is an assessment of the arterial baroreflex function. The MSNA response to arterial pressure fall is affected by a decreasing speed of pressure; when the decreasing speed is faster, the MSNA response is greater. However, we could not strictly control the decreasing speed during the early phase II of Valsalva's maneuver. Fortunately, in this study neither the heating nor the following saline infusion affected the decreasing speed of diastolic pressure. Therefore we believe that a decreasing speed of arterial pressure has little effect on our findings in this study.
In conclusion, our results demonstrated that wholebody heating increased the gain of arterial baroreflex control of MSNA and that the heating upwardly shifted the stimulus-response relationship of the cardiopulmonary baroreflex control of MSNA. It is important to note that these hyperthermal modifications of baroreflex functions were not restored by an infusion of warmed isotonic saline (37°C, 15 ml/kg) that restored the heat-induced reduction of CVP. Our results support our hypothesis that heat stress modifies the baroreflex control of MSNA independently of heat-induced hypovolemia in humans. Our results also suggest that the hyperthermal modification of baroreflex results from a central neural interaction between the thermoregulatory and baroreflex systems.
